Although glucose and protein metabolism have been investigated extensively in experimental models of hypodynamic sepsis, relatively little information is available regarding the compensated stage of sepsis. We investigated interorgan amino acid and glucose metabolism in a porcine model of compensated hyperdynamic sepsis. Fasting catheterized pigs received endotoxin (Escherichia coli lipopolysaccharide ; 3 µg : h − 1 : kg − 1 ; intravenous) or saline (controls) and volume resuscitation over 24 h to reproduce hyperdynamic sepsis. Primed-constant infusions of p-aminohippurate and 3 H-labelled isotopes were used to measure glucose, amino acid and protein metabolism across the portal-drained viscera, liver and hindquarters (to represent muscle) at 0 and 24 h of endotoxaemia. Whole-body protein and glucose flux were increased during hyperdynamic compensated sepsis. In endotoxaemic pigs, visceral protein was conserved, and hindquarter protein breakdown exceeded the increase in liver protein synthesis, resulting in net whole-body protein loss. Endotoxaemia increased hindquarter and visceral glycolysis and branched-chain amino acid transamination. The rate of efflux of glutamine and alanine from the hindquarters was higher than anticipated from protein breakdown, indicating de novo synthesis of these amino acids during endotoxaemia. In addition to the hindquarters, the portal-drained viscera provided substantial gluconeogenic amino acids and lactate to the liver. Although increased liver glutamate release constitutes an important nitrogen-sparing mechanism and carbon skeletons are effectively being cycled in glucose, net body protein is lost through increased ureagenesis during the hyperdynamic stage of sepsis. Specific amino acid requirements may develop in compensated hyperdynamic sepsis that is characterized by maintained organ perfusion and increased substrate utilization at the expense of body protein.
INTRODUCTION
Septic shock is a major cause of death in the intensive care unit. The initial cardiovascular response following infection is characterized by systemic vasodilation, usually fever and hyperventilation. When blood pressure is not maintained by fluid resuscitation during this period, this results in a hypodynamic circulation related to vasoconstriction, characterized by compromised cardiac output and coldness. Successful treatment, including fluid resuscitation during this period, however, may prevent progression to the hypodynamic stage and result in compensated sepsis, with typically elevated cardiac output and low systemic vascular resistance.
One of the most critical metabolic features of hyperdynamic sepsis is extreme hypermetabolism and catabolism [1, 2] . The metabolic response of the body following sepsis comprises mobilization of substrates from the periphery to be utilized by visceral tissues [3] and immune cells [4, 5] , resulting in loss of lean body mass. Patients with sepsis demonstrate accelerated protein degradation [6, 7] and increased transamination and oxidation of amino acids in skeletal muscle [8] . Consequently, gluconeogenic and other amino acids are released in increased amounts into the circulation. Also, glycolysis of glucose to form lactate is increased in septic patients [9, 10] . Amino acids and lactate that are released into the circulation become available for accelerated liver glucose production. During gluconeogenesis, carbon skeletons from amino acids and lactate (alanine cycle plus Cori cycle) are converted into glucose, while the amino groups are used in ureagenesis, resulting in net nitrogen loss excreted as urea [2] . The glucose produced in this response is the main energy source for cells involved in the host immune response during sepsis [11] . In addition to accelerated gluconeogenesis, peripheral mobilized amino acids serve as substrates for central organs, including liver (for acute-phase protein synthesis) [12] and enterocytes [11] . Despite effective cycling of carbon skeletons between the periphery and the liver in the appearance of glucose, the response to sepsis is energetically expensive, with the end result being the net degradation of whole-body protein, specifically muscle protein.
Even when large amounts of carbohydrate, fat and protein or amino acids are supplied, loss of lean body mass of septic patients is difficult to prevent [13] [14] [15] [16] . Over the past few years, new strategies in nutritional support aiming at maintenance of lean body mass have been developed. Adequate caloric and protein nutritional support of critically ill patients may be the optimal approach to prevent malnutrition by meeting the elevated energy requirements and maintaining body nitrogen and acute-phase protein synthesis in the hypermetabolic response. Therefore it is of great importance from a clinical point of view to gain more insight into the quantitative changes in organ protein and glucose metabolism and interorgan substrate fluxes that occur in the response to hyperdynamic sepsis.
Because of its property of provoking a generalized pro-inflammatory response in the infected host [17] , endotoxin is often used to reproduce a sepsis-like condition in experimental models. The haemodynamic features of sepsis models in rodents, however, differ substantially from those in large animals. In rodents, endotoxin is often bolus injected in large doses, whereas in most pig models of sepsis, endotoxin is infused continuously in moderate amounts. Whereas large primed doses of endotoxin elicit a hypodynamic cardiovascular response (i.e. hypotension) more representative of decompensated sepsis or septic shock, small endotoxin doses elicit a hyperdynamic cardiovascular response [18] . In the present study, pigs were infused continuously with low doses of endotoxin and were fluid-resuscitated to compensate for intravascular fluid losses, to achieve a hyperdynamic circulation representative of compensated sepsis in patients receiving modern intensive care.
The alterations in protein and glucose metabolism that occur under septic conditions, and their underlying mechanisms, have been described extensively in experimental models of acute sepsis. Only a few animal studies have described protein and glucose metabolism in a hyperdynamic and hypermetabolic model of compensated sepsis.
More knowledge regarding the alterations in protein and glucose metabolism and specific requirements present during the hypermetabolic response to sepsis may be of help in composing new strategies in nutritional support. We assessed changes in glucose utilization and production rates and in protein synthesis and degradation rates both at a whole-body level and across the hindquarters, portal-drained viscera and liver in a porcine model of hyperdynamic sepsis.
METHODS

Animals
The Animal Ethics Committee of the Maastricht University approved all animal work, and experimental protocols complied with local guidelines for the use of experimental animals. Female pigs (offspring of Yorkshire and Dutch Landrace species) were 3 months old and weighed 20-22 kg. The animals were given 1 kg of regular pig feed (Landbouwbelang, Roermond, The Netherlands ; 16 % crude protein) daily, supporting a growth rate of approx. 300 g\day. Pigs had free access to water. Before surgery, pigs (n l 14) were randomly assigned to one of the two treatment groups.
Surgical procedure
Food was withheld from the night before surgery. Intramuscular premedication was with 10 mg\kg azoperone (Stresnil2 ; Janssen Pharmaceutica, Beersse, Belgium) ; 1 h later, anaesthesia was induced by a mixture The surgical procedure has been described in detail elsewhere [19, 20] . In brief, after opening of a midline incision, seven catheters were inserted into various blood vessels. Two catheters were placed in the abdominal aorta : one just above the bifurcation (A1) and one just above the right renal vein (A2). Two catheters were implanted in the inferior caval vein at the corresponding positions (V1 and V2 respectively). Furthermore, catheters were placed into the portal, hepatic and splenic veins. A gastrostomy catheter was inserted into the stomach. All catheters were tunnelled through the abdominal wall and skin. Also, a jejunal Bishop-Koop stoma was constructed which was brought through the abdominal wall. In brief, 20 cm distal to the ligament of Treitz, the jejunum was transected and the anatomical continuity of the remaining bowel was re-established by an end-to-side anastomosis using a single-layer running suture (PDS 4-0 synthetic polydioxanon ; Ethicon, Norderstedt, Germany). During recovery of the pigs, an inflated balloon catheter (size Ch.16 ; 3-5 ml ; Ru$ schGold, Kernen, Schwalbach, Germany) served to close the stoma and to prevent leakage from the jejunum. The pigs wore a canvas harness to protect the catheters and stoma, and to allow ease of handling. Postoperative care of the pigs was standard [20] . During handling, the pigs were placed in a movable cage to get them accustomed to this condition.
Experimental protocol
Nutrition was withheld for 8 h before the start of the experiments. A total of 14 pigs received either lipopolysaccharide endotoxin (dissolved in saline ; Escherichia coli serotype 055 : B5 ; Sigma Chemical Co., St. Louis, MO, U.S.A.) at a rate of 3 µg : h −" : kg −" via the V2 catheter for 24 h. Control animals (n l 7) received saline at an equivalent infusion rate. For the subsequent 24 h, all pigs were infused with saline (30 ml : h −" : kg −" during the first 8 h and 20 ml : h −" : kg −" during the subsequent 16 h) to replenish intravascular volume losses. Blood samples were taken before and 24 h after the start of endotoxin or saline infusion. The body temperature of the pigs was measured throughout the experimental period.
Sample processing
Immediately after the blood samples were collected, the blood was distributed into heparin-containing tubes (Sarstedt, Nu$ mbrecht, Germany) on ice. The haematocrit was determined. For the analysis of arterial pH, HCO $ − , arterial partial pressures of oxygen and carbon dioxide, and oxygen saturation, 200 µl samples of blood were sealed in 1 ml airtight heparin-containing syringes and analysed immediately using an automatic blood gas system [Acid Base Laboratory (ABL3) ; Radiometer, Copenhagen, Denmark]. Supernatants were kept on ice. For the measurement of urea, glucose and lactate concentrations, blood was centrifuged (4 mC, 5 min, 8500 g), and 900 µl of the resultant plasma was added to 90 µl of 3 mmol\l trichloroacetic acid solution to ensure stability of the substances. For amino acid analysis, 500 µl of plasma was deproteinized by mixing it with 20 mg of dry sulphosalicylic acid. For the measurement of the p-aminohippurate (PAH) concentration, 300 µl of whole blood was added to 600 µl of 0.7 mmol\l trichloroacetic acid solution ; the solution was mixed thoroughly and centrifuged (4 mC, 5 min, 8500 g) followed by the collection of supernatant fluid. All samples were frozen in liquid nitrogen and stored at k80 mC until analysed.
Biochemical analysis
To determine the PAH concentration, the supernatant fluid of deproteinized whole blood was deacetylated at 100 mC for 45 min. The PAH concentration was detected by standard enzymic methods and spectrophotometric analysis with an automated Cobas Mira-S system (Hoffmann-La Roche, Basel, Switzerland). To calculate plasma PAH concentrations, the whole-blood PAH concentration was corrected for the haematocrit value.
Before urea measurements, plasma ammonia was removed by conversion into glutamate. The urea was then converted enzymically into ammonia by the addition of urease. The ammonia formed in this reaction was quantified by measuring the extinction of NADPH utilized in the conversion of ammonia into glutamate.
Plasma amino acid, glucose and lactate concentrations were measured with a fully automated HPLC system (Pharmacia, Woerden, The Netherlands), using methods reported previously [21, 22] . After HPLC separation, phenylalanine, valine and glucose fractions were collected and counted for radioactivity in a liquid scintillation spectrophotometer (Beckman) to calculate specific radioactivities (d.p.m.\nmol).
Concentrations of the acute-phase proteins haptoglobin and fibrinogen and of total protein in plasma were measured with a Nephelometer (model BN 100 ; Dade Behring Vertriebs GmbH and Co., Schwalbach, Germany). Proteins were determined by using rabbit antibodies against human haptoglobin and fibrinogen (Dade Behring), as performed for human plasma samples.
Standard curves for haptoglobin and fibrinogen were constructed using a purified human standard (Dade Behring) and a secondary porcine standard (Sigma Chemical Co.). High correlation coefficients ( 0.9) were found for the results obtained using the two methods.
Infusion protocol
At 1 h before the endotoxin infusion was started, a primed infusion protocol was conducted. An infusion of 25 mmol\l PAH (A1422 ; Sigma Chemical Co.) was started at a rate of 40 ml\h through the splenic vein and the A1 (abdominal aorta) catheter after an initial bolus of 5 ml [20] . Directly after the primed constant infusion of PAH, a priming dose (1 µCi\kg) followed by a constant infusion (1 µCi : . Before the start of the infusions, background blood samples were taken. During the final 60 min of the infusion protocol, an isotopic plateau (calculated slope of isotopic enrichment against time not different from zero) was reached [23] . Steady-state conditions for PAH were obtained 1 h after the primed infusion of PAH (results not shown). Blood samples were collected in triplicate at 15-min intervals during the last 60 min of infusion of PAH and the isotopes [24] .
Calculations
Under steady-state conditions, the disappearance rate of a substrate equals its rate of appearance, defined as ' flux rate ' (Q ; production plus exogenous infusion). The turnover rates of phenylalanine, valine and glucose were calculated using the formula :
in which I is the rate of infusion (d.p.m. :
, and SA A is the specific radioactivity (d.p.m.\nmol) in arterial plasma of the corresponding isotope [25] . The turnover rate of phenylalanine was used as an indication of wholebody protein breakdown, as this amino acid cannot be newly synthesized. The turnover rate of glucose represents the sum of glucose appearing in the circulation from glycogen breakdown and gluconeogenesis. However, 6-$H label may be lost to some extent (" 10 %) in the phosphoenolpyruvate cycle, contributing to a corresponding overestimation of the measured rate of turnover of glucose [25, 26] .
Substrate metabolism across the hindquarters, portaldrained viscera and liver was calculated using a twocompartment model, as described previously [25] . The portal-drained viscera are defined as the total of all portal-drained organs, besides the spleen, stomach and pancreas, mainly representing the intestines. The splanchnic area includes the portal-drained viscera and liver ; therefore calculations for the liver were made by subtracting values for the portal-drained viscera from those for the splanchnic area. Calculations of kinetics in muscle were made on the assumption that the hindquarters represent 50 % of whole-body muscle [27] . The plasma flow rates across the organs were calculated based on the principle of dye dilution using the formula :
in which I represents the rate at which PAH is infused and [PAH] V and [PAH] A are the concentrations of PAH in the venous and arterial plasma of the organ respectively. Substrate net balance (NB) was calculated using the formula :
in
which [S] V and [S]
A represent venous and arterial plasma concentrations respectively of the substrate. Therefore a positive NB represents net release or efflux, and a negative NB represents net uptake or influx, of an amino acid across the organ. Tracer NB was calculated in a similar way, based on tracer dilution across the organ, using the specific radioactivity (d.p.m.\nmol) of the tracer in arterial (SA A ) and venous (SA V ) plasma :
The disposal of a substrate by an organ represents disappearance due to degradation and\or incorporation into macromolecules, and is calculated as follows :
In this calculation, SA V is assumed to represent the precursor pool (intracellular SA) [28] . Because the NB of a substrate across an organ is the difference between production and disposal, production can be calculated as follows :
Since phenylalanine degradation in muscle and gut is low [29] , phenylalanine disposal in the hindquarters and portal-drained viscera is a reflection of protein synthesis, and phenylalanine production reflects protein breakdown. In the liver, valine disposal and production represent protein synthesis and breakdown respectively, since valine degradation in liver is considered to be low because of low transamination activity [30] [31] [32] . Organ substrate metabolism in a pig model of endotoxaemia
The total amino acid concentration (AA) was calculated as the sum of measurable α-amino acids (glutamic acid, asparagine, serine, glutamine, histidine, glycine, threonine, citrulline, arginine, alanine, taurine, tyrosine, valine, methionine, isoleucine, tryptophan, phenylalanine, ornithine, leucine and lysine), the sum of gluconeogenic amino acids (GNAA) as all amino acids occurring in protein except for leucine and lysine, and the sum of branched-chain amino acids (BCAA) as the sum of valine, leucine and isoleucine.
Statistics
Results are presented as meanspS.E.M. The data were subjected to general factorial ANOVA to assess group effects (P G ), time effects (P T ) and interactions between time and group (P T×G ). P 0.05 was considered significant.
RESULTS
Endotoxin infusion resulted in a significant rise in body temperature (Table 1) as compared with saline infusion. The body weight and urinary output of the pigs remained unaffected by endotoxin infusion, and the urinary output of both groups increased during 24-h fluid infusions. No significant time-dependent effects of endotoxin were observed on arterial blood gas values or arterial haematocrit (P T×G l 0.07) ( Table 2 ). The arterial carbon dioxide pressure was lower (P T×G l 0.058) and the arterial pH was significantly higher (P T×G l 0.03) in the endotoxininfused animals, indicating developing respiratory alkalosis. Although a group effect on plasma flow to the portal-drained viscera was observed (P G l 0.02) due to different baseline values, no time-dependent effects of endotoxin challenge on organ plasma flows were apparent (Table 3) . Endotoxin infusion significantly decreased the plasma concentrations of glucose, glutamine, glycine, arginine and tyrosine, and increased the concentrations of lactate, urea, alanine, taurine and phenylalanine (Table 4) . BCAA, GNAA and AA were all increased by endotoxin infusion. Neither the plasma concentration of fibrinogen (control, 1.04p0.07 g\l ; endotoxin, 0.99p0.12 g\l) nor the plasma concentration of haptoglobin (control, 0.58p0.03 g\l ; endotoxin, 0.59p0.03 g\l) differed significantly between the two groups. A significantly lower total protein concentration was observed in pigs challenged with endotoxin (control, 31.3p2.3 g\l ; en- Figure 1 shows that endotoxin infusion significantly increased the wholebody flux (appearance and disappearance) rates of glucose ( Figure 1A ), valine ( Figure 1B ) and phenylalanine ( Figure  1C ), the latter indicating increased whole-body protein breakdown. Organ substrate metabolism in a pig model of endotoxaemia Significance of differences : *P 0.05, **P 0.01 (two-way ANOVA).
Hindquarters
Glucose influx into and lactate efflux from the hindquarters were increased in the endotoxaemic compared with the control pigs (Table 5) .
[$H]Glucose measurements showed that endotoxin infusion increased glucose influx into the hindquarters by increasing glucose disposal (Table 6 ). In addition, efflux of glutamine and alanine from the hindquarters was increased in the endotoxaemic pigs (Table 5 ). The usual influx of the total sum of amino acids turned into efflux during endotoxin challenge.
[$H # ]Phenylalanine measurements (Table 7) demonstrated that endotoxin infusion significantly increased (2-fold) phenylalanine production (protein breakdown), but not phenylalanine disposal (protein synthesis), in the hindquarters. There was no time effect (fasting period plus infusions) on protein synthesis, breakdown or NB across the hindquarters ( Table 7) . As measured using [$H # ]valine, both valine disposal (control, 592p155 nmol : min −" : kg −" ; endotoxin, 1590p116 nmol : min −" : kg −" ; P l 0.01) and valine production (control, 524p221 nmol : min −" : kg −" ; endotoxin, 1181p153 nmol : min −" : kg −" ; P l 0.01) were increased significantly by endotoxin infusion.
Portal-drained viscera
Both glucose influx into and lactate efflux from the portal-drained viscera were increased significantly during endotoxaemia (Table 8 ). Increased glucose influx was due to increased glucose disposal (Table 9 ). Endotoxin infusion reduced the influx of glutamine, but increased the influx of glutamate and BCAA, into the portaldrained viscera (Table 8) . Moreover, endotoxin infusion significantly increased glycine and tyrosine efflux, but decreased alanine and arginine efflux, from the portaldrained viscera (Table 8 ). GNAA and lactate released (net) from the portal-drained viscera accounted for 9 % of the net uptake of these substrates by the liver. The protein synthesis and breakdown rates in the portaldrained viscera, as measured using [$H # ]phenylalanine, did not change significantly with time and were not affected by endotoxin infusion (Table 10) .
Liver
Glucose efflux from the liver was increased in endotoxininfused animals (Table 11 ), which was due to 2-fold higher glucose production (Table 12) as compared with controls. In the control animals, liver glucose efflux decreased over time (P l 0.02 ; one-way ANOVA) during fasting. In the endotoxin-infused pigs, lactate influx was 1.8-fold higher than in control pigs. Endotoxin infusion also increased by 3.5-fold the influx of GNAA, of which glycine was taken up to the greatest extent, followed by alanine and glutamine (Table 11) . AA influx was increased by " 7.5-fold during endotoxin infusion. The urea efflux of endotoxin-treated pigs was 2-fold higher than that of control pigs (Table 11 ), but this difference did not reach statistical significance (P T×G l 0.08). Endotoxin administration increased liver BCAA influx (Table 11 ) and valine disposal (as measured from [$H # ]valine ; Table 13 ), implying that protein synthesis in this organ was increased.
DISCUSSION
Investigation of glucose and protein metabolism at both the whole-body and the organ level offers important tained mean arterial pressure, blood flow to the central organs and urinary output, increases in heart rate, cardiac output and temperature, and decreases in systemic vascular resistance and oxygen extraction by the splanchnic organs. The pig was chosen as a chronically instrumented large-animal model because organ physiology and metabolic changes in this animal are in many respects comparable with those observed in humans [33, 34] . However, it has to be taken into account that protein turnover in the young pig is higher than that in humans [35, 36] , which, together with the use of a moderate subacute model of sepsis, may lead to relatively early manifestation of endotoxaemia-induced modifications in protein metabolism under feeding conditions. Disturbances in glucose metabolism during sepsis are not clearly understood. Acute experimental endotoxaemia resembling septic shock is characterized by insulin resistance and impaired glucose uptake by peripheral tissues [37, 38] , whereas hypermetabolism-associated endotoxaemia is associated with an increased rate of clearance of glucose by most lymphocyte-rich tissues and muscle [39, 40] . This is in accordance with the enhanced glucose disposal by the hindquarters and portal-drained viscera found in the present hyperdynamic model of [40, 41] . An increased energy demand by gut enterocytes for the de novo synthesis of purines and pyrimidines and ribose sugars for nucleic acid synthesis, and of activated gutassociated monocytes\lymphocytes and spleen lymphocytes [41] , is likely to account for the increased visceral glucose utilization observed during hyperdynamic endotoxaemia. During endotoxaemia, glucose serves as substrate for accelerated glycolysis in muscle tissue. The increased lactate efflux from the hindquarters and portaldrained viscera during endotoxaemia indicates only partial glucose oxidation in these tissues during sepsis, despite enhanced blood flow. The hypothetical changes in glucose and lactate fluxes between the portal-drained viscera, the liver and the muscle (estimated from the hindquarters) induced by hyperdynamic endotoxaemia are depicted in Figures 2(A) and 2(B) respectively. During endotoxaemia, total glucose influx into the portal-drained viscera and muscle ( Figure 2B ) exceeded glucose efflux from the liver. Since renal gluconeogenesis was abolished in endotoxaemic rats and dogs [42] [43] [44] [45] , it is not expected that the kidney contributes substantially to glucose supply. Increased glucose consumption, exceeding glucose production, in hyperdynamic sepsis may be at the origin of the reduced glucose availability reflected in reduced glucose levels. Moreover, the liver consumed more lactate than was released from the portal-drained viscera and muscle (as estimated from the hindquarters) together (compare Figures 2B and 2A) , implying that other organs and erythrocytes participate in the surplus of lactate production. Continuous endotoxin infusion accelerated protein breakdown without affecting protein synthesis in the hindquarters, accounting for net protein catabolism. If the hindquarters approximate 50 % of whole-body muscle, this increase in muscle protein degradation largely (" 86 %) accounted for the increase in wholebody protein degradation, emphasizing that catabolism of muscle protein primarily determines whole-body protein catabolism. Whereas the regulatory mechanisms that affect muscle protein degradation during injury and sepsis have been studied extensively [46] , endotoxininduced changes in protein synthesis remain relatively unidentified. A number of rat studies using the caecal ligation and puncture sepsis model have shown impaired protein synthesis in muscle [47] [48] [49] , whereas the present hyperdynamic porcine model of sepsis showed unchanged protein synthesis in the hindquarters. It therefore appears that changes in muscle protein turnover rate during sepsis depend on the severity of the septic insult and circulatory response implicated in the sepsis model. This possibly depends on whether or not the septic animal is adequately resuscitated. Moreover, differences in protein turnover rates may occur depending on the isotopic method used, i.e. a flooding dose compared with the continuous infusion method [50] .
The hypothetical glutamate, glutamine and alanine inter-organ fluxes are illustrated in Figures 3(A) and 3(B) . Release of both glutamine and alanine from the hindquarters was increased during endotoxaemia ( Figure 3B compared with Figure 3A) . Assuming that the hindquarters represent 50 % of the muscle tissue, and that in porcine muscle tissue the molecular phenylalanine\ glutamine and phenylalanine\alanine ratios are 3.8 : 1 and 3.4 : 1 respectively [51] , efflux of glutamine and alanine from the hindquarters was " 0.4 and " 1.3 µmol : min −" : kg −" higher than would be anticipated from protein breakdown during endotoxaemia. This indicates that, during sepsis, intracellular glutamate serves increased de novo synthesis of alanine and glutamine. During endotoxaemia, the net output of alanine and glutamine from the muscle exceeded the net consumption by the splanchnic organs ( Figure 3B compared with Figure 3A) . The ' excess ' glutamine is probably used by the kidney and lymphoid tissue [52] , while the excess alanine may be involved as a substrate for brain and nerve tissue [53] . Net efflux of BCAA from the hindquarters was observed during endotoxaemia, indicating that the rate of release of BCAA derived from accelerated protein degradation exceeded the increase in BCAA consumption by the hindquarters. Increased BCAA transamination and further oxidation is a major source of glutamate and energy [54] , and thereby constitutes a major cause of amino acid loss during sepsis [55, 56] .
The net consumption of glutamate and BCAA by the portal-drained viscera was increased, implying that under endotoxaemic conditions the transamination and oxidation of BCAA, in which glutamate is used as an intermediate, constitutes an important source of energy in the visceral organs. Endotoxaemia reduced both visceral glutamine net uptake and concomitant alanine net release, despite maintained visceral blood flow. Possibly, reduced glutaminase activity in the gut [57, 58] accounts for the decreased conversion of glutamine into glutamate and subsequent glutamate transamination into alanine. Whereas under normal conditions glutamine is a major precursor of citrulline in the gut, under endotoxaemic conditions the visceral citrulline efflux may be derived from arginine via the endotoxin-induced nitric oxide synthase pathway. Accordingly, visceral arginine consumption was elevated during endotoxaemia. The portal-drained viscera released a substantial amount of glycine in response to sepsis, which accounted for a large part of the uptake of gluconeogenic precursors by the liver. The high glycine efflux rates may originate from biliary glycoprotein-rich mucins, which support the gut microbial clearance system [59] . Both visceral protein synthesis and protein degradation remained unaffected during hyperdynamic endotoxaemia. This contrasts with the increased intestinal protein synthesis demonstrated in rats that were subjected to caecal ligation and puncture [60] . Because of peritoneal contamination, caecal ligation and puncture may elicit a more severe stress response involving acute-phase protein synthesis in the portaldrained viscera, accounting for the discrepancy in the observations. During accelerated gluconeogenesis, amino acid and lactate carbons serve as precursors for glucose, whereas the nitrogen moieties of the deaminated amino acids that are detoxified are responsible for increased urea formation, as is observed during endotoxaemia [61] . The amino acids that are taken up by the liver are involved in not only gluconeogenesis, but protein synthesis as well. Liver protein synthesis in this endotoxaemia model was increased, reflecting the enhanced synthesis of acutephase reactive proteins [3, 62] . Although we could not detect any changes in haptoglobin or fibrinogen concentrations, the total concentration of acute-phase proteins increased during endotoxaemia. However, since plasma protein concentrations depend on the intravascular pool size, and thus vary with hydration state, fluid shifts and renal excretion rate, they do not appear to be a good reflection of protein synthesis rates under disease conditions such as sepsis. Glutamate release from the liver was enhanced during sepsis, constituting an important nitrogen-sparing mechanism, since glutamate serves as a nitrogen intermediate for the synthesis of alanine and glutamine in the muscle. During sepsis, only 60 % of the glutamate efflux from the liver was taken up by muscle (estimated from the hindquarters) and visceral organs (Figure 3B ), suggesting a major role for the nervous system and the kidney in utilization of the excess.
Although impaired oxygen extraction by the splanchnic organs and the hindquarters was observed in an identical hyperdynamic porcine model of sepsis (M. Poeze, M. J. Bruins, I. J. H. Vriens, G. A. M. Ten Have, G. Ramsay and N. E. P. Deutz, unpublished work), blood flow and oxygen delivery to these organs was sustained or even increased. This implies that substrate delivery to the organs is maintained during hyperdynamic endotoxaemia, although this does not ensure intracellular substrate availability per se. Net protein loss in muscle is effected by a doubling of protein degradation, whereas net protein gain in the liver is effected largely by an increase (1.7-fold) in protein synthesis. The trade-off is negative, leading to net protein loss at a whole-body level. Not only muscle, but also the portal-drained viscera, participate significantly in gluconeogenic substrate delivery to the liver by releasing lactate and amino acids. Recycling of carbons from gluconeogenic precursors to glucose by the liver constitutes an important glucose-sparing mechanism. Moreover, accelerated gluconeogenesis and nitrogen loss as urea in hyperdynamic sepsis suggest that depletion of essential amino acids may develop during hypermetabolic compensated sepsis. In addition, amino acids such as arginine, glutamate and glutamine are not only used in gluconeogenesis, but are also required as precursors for activated immune cells and nerve tissues, which may contribute significantly to the depletion of these immunoactive amino acids. Increased utilization of BCAA in the portal-drained viscera and the hindquarters suggests that these essential amino acids may in the long term become unable to meet the energy requirements of these tissues.
In conclusion, the present data may assist in defining increased substrate requirements during hypermetabolic sepsis, based on which substrate supplements can be recommended for septic patients. Our results suggest that the requirements for BCAA, and specifically the immunoactive amino acids, may be elevated, and that supplementation of these substrates may be advantageous in patients with hypermetabolic sepsis.
